Kinesins are essential for the proper function of many types of polar cells, including epithelial cells, neurons, and sperm. Spermatogenesis is closely associated with many different kinesins. These kinesins participate in several fundamental processes, including mitotic and meiotic division, essential organelle transport, and the biogenesis of peculiar structures for the formation of mature sperm. Kinesin-13, kinesin-8, and the chromokinesin families cooperate to ensure normal sister chromatid congression and segregation. The kinesin-8 family motor KIF18A, kinesin-12 motors PAKRP/kinesin12A and PAKRP1L/kinesin12B, and other kinesin-like motors are essential in the process of homologous chromosome pairing and in the separation to create haploid gametes. During spermiogenesis, the responsibility of a handful of kinesin members lies in the maturation of spermatids into mature, motile, and intact spermatozoa. Such roles are completed upon the release of viable and functional sperm into the lumen of seminiferous tubules. In this process, KIFC1, KIF5C, KRP3A, and KRP3B may be involved in acrosome biogenesis; KIFC1, KIFC5, CHO2, KIF17b, and KIF3A probably contribute to nuclear shaping; KIF17b, KIF3A, and KLC3 are implicated in the tail formation process; and KIF20 and KRP3 likely participate in sperm translocation. KIF17b also exhibited postmeiosis transcriptional activities that are critical for the dramatic alterations observed in nuclear and cytoplasmic structures. This review summarizes the roles of kinesins during mitosis, meiosis, and spermiogenesis, and proposes several important issues for further investigation.
Introduction
As early as 1985, kinesin motors occurring in the nervous system were shown to play roles in fast axonal transport and mitosis spindle formation in chicken, squid, and the oocytes of sea urchins [1, 2, 3] . In the following 30 years, more than 6000 articles have been published in the Pubmed database exploring the structural characteristics and biological functions of kinesin motors. Until recently, a total of 14 families of kinesin motor proteins were found in humans and mice, with their molecular structures consisting of three domains: (1) a head of approximately 360 amino acids that provides a highly conserved catalytic core and functions as an ATPase (also referred to as N-terminal, C-terminal, or M-terminal motors according to the location of the motor domain of the molecule); (2) a family-specific neck, which is responsible for the direction of motility or regulation of activity; and (3) the coiled-coil stalk and tail that are implicated in the interaction with other subunits of holoenzymes or with cargo molecules [4] . By utilizing adenosine triphosphate (ATP), kinesin motors can travel long distances over microtubules, performing diverse functions, such as the transport of vesicles and macromolecules [5] , DNA replication, transcription, processes related to cell mitosis [6] , mitochondria translocation, and cell migration [7, 8] . The transportation and accurate positioning of organelles and macromolecules are dependent on the normal function of motor proteins. Any error in motor protein-related material positioning inevitably results in biological dysfunction and leads to cell apoptosis or even the death of the whole organism.
Kinesins are essential for the proper function of many polar cell types, including epithelial cells, neurons, and sperm [9] . The loss of kinesins also directly represses the vesicular transport processes of organelles, such as lysosomes and Golgi, as well as inhibiting the formation of the cytoskeleton, resulting in various types of organism dysfunction. While the kinesins involved in neuronal development and maturation have been well reviewed by Xiao et al. (2016) [10] , the kinesins involved in reproductive function remain relatively unexplored. Modern medical technology can assist infertile couples to some extent with assisted reproductive technology. Nevertheless, in cases of idiopathic male infertility, the causes for such defects often remain unknown. Kinesin-related steps are now being examined toward the goal of effective cures [11] . Knowledge of the intracellular membrane trafficking of kinesins in neurons is critical to infer their roles in other polarized cell types. The Sertoli cells are polarized epithelial cells of the seminiferous epithelium that provide the nutritional, hormonal, and structural environment necessary for differentiating germ cells [12] . The importance of kinesin motors and microtubule-dependent transport in the Sertoli cells is implied by the observation of the ordered, parallel arrays of microtubules associated with transporting and positioning organelles in the cytoplasm and with the secretion of seminiferous tubule fluid [13] . Thus, researchers investigating the structure and functions of Sertoli cell kinesins can adapt the knowledge gleaned from studies of axonal development and maturation [14] .
Other microtubules in the testes are situated around the germcell-associated ectoplasmic specializations (ES) and form special structures such as manchette and flagella during sperm maturation [15] . Kinesin families, which are conserved throughout evolution and are distributed among a wide variety of species, have been proven to be participants in the processes of spermatogenesis, including mitosis, meiosis, and spermiogenesis. This finding strongly implies an essential role for kinesins in the maintenance of normal reproduction and development. In the present study, we will discuss each kinesin-related step during spermatogenesis and offer a comprehensive insight into the role of kinesin in reproductive fitness and suggest some implications of pathogenic mechanisms for some key types of male infertility.
Kinesin and spermatogenesis
Mammalian spermatogenesis involves several fundamental processes, including stem-cell renewal and differentiation, mitotic and meiotic division, cell migration, cytoskeletal reorganization, nuclear shaping, and flagellum biogenesis. Many of these processes involve a considerable number of dynamic changes, particularly those related to the cytoskeleton, organelle movement, and the regulation of microtubules [16] . Microtubule dynamics and organization are regulated not only by microtubule-associated proteins, which can organize, bundle, and stabilize microtubule filaments, but also by motor proteins that modulate movement and allow the transport of cargos, such as dynein and kinesin [17, 18] . It is these latter motor proteins, which are considered key participants in a variety of procedures during spermatogenesis.
Mitosis
The mitotic proliferation of spermatogonia builds the foundation for the successive production of sufficient quantities (millions) of sperm with the aim that at least one may be likely to reach and fertilize an egg. It has been estimated that about a dozen kinesins are involved in the assembly of the bipolar spindle, alignment of chromosomes at the spindle equator, and in chromosome segregation and cytokinesis. All of these processes are critical for the faithful segregation of chromosomes and the formation of two daughter cells during the mitotic and meiotic M-phases [19] . Somatic mitosis has been well studied via the microinjection of antisense oligonucleotides to inhibit mRNA expression [20, 21] or specific antibodies to block the normal function of motor proteins [22] or via the transfection of cDNA containing various mutations [23] , etc. Comprehensive RNA inference (RNAi) analysis has also been applied in the Drosophila S2 cell line and human Hela cells to identify essential motor proteins during mitosis/cytokinesis [24, 25] . Here, we summarize several of the most important kinesins involved in mitosis. Because mitotic kinesins are investigated in somatic cells, their expressions in the germ-cell line have been confirmed using databases "Germonline" [26] , which provides reliable information for spermatogonia, and thus adds better relevance to the spermatogenesis (Table 1) .
Among all of the kinesin families, kinesin-13s are key players in mitosis that induce the depolymerization of microtubules to regulate mitotic dynamics and control spindle assembly and kinetochoremicrotubule attachments [27] . The Kif2c is a centromere-associated protein that is required for correct chromosomal congression and segregation [20, 28, 29] as well as for the proper establishment and maintenance of spindle microtubule organization and dynamics [30] . It is also referred as mitotic centromere-associated kinesin (MCAK) in higher organisms [31] . Together with the other two kinesin-13 proteins, Kif2a and Kif2b, MCAK is also essential for spindle bipolarity. This is demonstrated by the observation that the double loss of MCAK rescues the monopolar spindle in cells lacking Kif2a or Kif2b [32, 33] . Thus, the three kinesin-13s fulfill a distinct yet concerted role during mitosis, with Kif2a and Kif2b being the most important for bipolar spindle assembly and MCAK being essential for chromatin congression and separation. The MCAK homologous protein XKCM1, which is short for Xenopus kinesin central motor 1 or Xenopus kinesin catastrophe modulator-1, localizes to the centromeres playing a similar role in mitotic spindle assembly [34] and chromosome positioning on the spindle [35] . Another two kinesin-13 depolymerases, KLP10A and KLP59C, cooperate to regulate microtubule dynamics during interphase in a distinct manner. Here, KLP10A stimulates microtubule catastrophe, while KLP59C acts to suppress its rescue [36] . KLP10A is also responsible for bipolar spindle formation and maintenance since a depletion of KLP10A increases the spindle microtubule density and length [37] and rescues the monopolar spindles in Orbit-depleted Drosophila S2 cells [38] .
Kinesin 8 proteins are another family of microtubuledepolymerizing motors that are functional in chromosome alignment and spindle dynamics. Kif18B is a microtubule (MT) plus-enddirected motor that localizes to the nucleus during interphase and is then enriched at the astral MT plus ends during early mitosis. This controls the astral MT length and number in an EB1-dependent manner [39] . Kip3p, a plus-end-directed motor and a plus-end-specific depolymerase, moves toward and accumulates at the plus ends of the growing microtubule. This promotes microtubule catastrophes and inhibits microtubule growth as a method to control the positioning of the mitotic spindle [40] . During metaphase, Kif18A accumulates as a gradient on the kinetochore microtubules and is found to control mitotic chromosome alignment by suppressing the oscillations of chromosomes [41] . Drosophila kinesin-8 protein Klp67A has been found in two separate metaphase pools, at kinetochores and along the spindles. It is noted to be required for both chromosome alignment and spindle length control [42] .
The kinesin superfamily includes a group of kinesins that bind directly to the chromosome, thus named chromokinesins. These chromokinesins have been proven to have several intracellular roles, including chromosome condensation and separation and spindle assembly during cell cycles [43] . Two chromokinesins have been previously identified and characterized in Xenopus as Xkid (kinesin 10) and Xklp (kinesin 4) and have been shown to be essential for chromosome alignment on the metaphase plate (Xkid) [44, 45] and for spindle organization and chromosome positioning (Xklp) [21] . The human homologs of these two proteins, hKid and KIF4A, were demonstrated to promote chromosome congression via the control of chromosome arm positioning and spindle microtubule dynamics, respectively [46] . KIF4A was also observed to be localized in the nucleoplasm during interphase and on condensed chromosome arms during mitosis where it interacts with the condensing I and II complexes. Its depletion causes chromosome hypercondensation and chromosome mis-segregation, which suggests its essential role in maintaining normal chromosome architecture and segregation during cell division [47] . In addition, KIF4 can regulate the midzone length during cytokinesis by terminating midzone elongation during late anaphase [48] . Another chromokinesin, KLP3A, has been shown to contribute to spindle pole separation during the prometaphase-tometaphase transition and to promote sufficient chromatid motility during anaphase [49] . Further novel chromokinesins Hklp2/kif15 (kinesin 12) were later identified and found to target to the chromosome through interaction with ki67 in human cells and were shown to be participants in spindle pole separation and in the maintenance of spindle bipolarity during metaphase [50] .
The process of mitosis also requires the concerted activities of multiple microtubule-based motor proteins. While the kinesin-5 protein Eg5 was reported to be highly conserved in bipolar spindle formation, this process also requires the antagonistic function of kinesin 14 proteins to drive the balance of force needed for bipolarity [51, 52] . The Kinesin 8 protein KIF18A functions synergistically with chromokinesins to confine centromere movement and to control kinetochore tension to ensure the alignment of chromosomes at the metaphase plate [53] . During anaphase, two sister chromatids separate and move toward opposite poles. In Drosophila, two distinct kinesin-13 proteins cooperate to ensure normal chromatid-to-pole motion. Here, KLP59C is required to depolymerize kinetochore microtubules at their kinetochore-associated plus ends, while KLP10A is required to depolymerize microtubules at their pole-associated minus ends. This process moves chromatids using poleward flux [54] . The microtubule catastrophe during anaphase also requires the cofunction of multiple microtubule depolymerases, including the kinesin 13 protein MCAK and the kinesin 8 proteins Kip3 and Kif18b [55, 56] .
Meiosis
The process of meiosis ensures homologous chromosome pairing and separation to create haploid gametes. In addition to the somatic defects, which affect male fertility, meiotic errors are also a cause of human infertility and aneuploidy [11] . Despite a scarcity of data from such studies, kinesins or kinesin-like proteins do seem to be responsible for the meiotic process ( Table 1 ). The kinesin-8 protein Kif18A functions to control mitotic and meiotic chromosome alignment at the midzone by negatively regulating kinetochore oscillation. Its loss results in testes atrophy and complete sterility in male mice due to the impairment of chromosome congression [57] . Two homologous kinesin 12 proteins, PAKRP/kinesin12A and PAKRP1L/kinesin12B, were observed to localize exclusively at the juxtaposing plus end of the antiparallel microtubules in the middle region of the Arabidopsis phragmoplasts. In the absence of both kinesins, the microtubules are observed to be disorganized after chromatid segregation and fail to form antiparallel microtubule arrays between reforming nuclei. This leads to the inhibition of first postmeiotic cytokinesis beyond which no formation of generative cells or sperm is observed [58] .
In addition to kinesin motors, kinesin-like proteins are also functional during meiosis. The Drosophila kinesin-like protein KLP67A is a microtubule plus-end-directed depolymerase that regulates microtubule length during both mitosis and male meiosis and is essential for spindle assembly and cytokinesis. Hemizygous males with reduced levels of KLP67A are almost completely sterile. A cytological analysis of their testes suggests defects in chromosome segregation and the failure of cytokinesis during the first meiotic division. This produces spermatids of either an abnormal size or with an abnormal number of nuclei [59] . The Drosophila kinesin-like protein KLP3A localizes to the equator of the central spindle during late anaphase and telophase of male meiosis [60] . Loss of KLP3A has been associated with disorganized central spindles [61] . As the proper organization of the central spindle is essential for completion of cytokinesis, KLP3A was assumed to be critical for the initiation of meiosis cytokinesis [60] . The Drosophila kinesin-5-like protein KLP61F functions in a germ-cell-specific manner. Its loss not only generates spindle defects that result in unequal division but also compromises the integrity of the nuclear lamina and the formation of micronuclei in spermatocytes [62] .
Spermiogenesis
Spermiogenesis is the final step of spermatogenesis, which involves the ultimate maturation of spermatids into mature, motile, and intact spermatozoa and ends with the release of viable and functional sperm into the lumen of the seminiferous tubules. During spermiogenesis, remarkable changes occur, such as acrosome biogenesis, nuclear reshaping, and tail formation, as well as the process of spermatid translocation. Because sperm of lower order species can be homologized to flagellate forms of mammals to the extent that both contain a modified nucleus with which to transmit genetic information and an acrosome for effective fertilization, animal models are often used to explore the mechanisms underlying spermiogenesis. Several kinesin members have been demonstrated to perform critical functions during this process (Table 2 ).
Kinesin and sperm acrosome biogenesis
A series of orchestrated alterations is witnessed during spermiogenesis, particularly related to the acrosome. Acrosome biogenesis is initiated with the acrosomal vesicles adhering to one pole of the nucleus. An acrosomal granule forms gradually which subsequently becomes flattened and covers the majority of the condensed nucleus. The acrosome is an important structure that performs critical functions during fertilization with its large body of hydrolases that enable sperm to penetrate through the Zona pellucida layer surrounding the oocyte [63] . As for the origination of the acrosome, the Golgi apparatus is considered as the primary source from which the Golgi-derived vesicles that contain membranes and proteins are delivered to the predetermined site at one pole of the nucleus. Several kinesins have been identified to be involved in the process of acrosome biogenesis.
KIFC1 is a member of the kinesin-14 family with its motor domain in the C-terminus. It moves from the plus end to the minus end along the microtubules. In rats, KIFC1 is located near the Golgi apparatus in early spermatids, soon becoming localized to the acrosome. The relocation of KIFC1 is consistent with its potential performance in vesicle transport from the Golgi to the acrosome. This suggests its role in acrosome biogenesis either via the recycling of the membrane back to the Golgi or by orienting cargoes toward the acrosome [64] . During the spermiogenesis of the caridean shrimp Macrobrachium nipponense (Crustacea, Natantia), KIFC1 was initially found in the cytoplasm of early spermatids. It then colocalizes with the acrosome in a punctuate pattern and is distributed to the nucleus of later spermatids in a diffuse state [65] . The colocalization of KIFC1 to microtubules contributes to acrosome biogenesis via the transport of vesicles for acrosome formation and via the tethering of the acrosome to the nucleus [65] . The mRNA of kifc1, as detected by in situ hybridization, has also been noted to be related to acrosome formation during Eriocheir sinensis spermiogenesis. This mRNA was first observed to aggregate to form the proacrosomal vesicle at one pole of the nucleus. It then becomes invaginated into a half-moon-like nucleus together with the proacrosomal vesicle and is then eventually distributed into the acrosomal tubule surrounding the mature spherical acrosome [66] . Immunocytochemical and ultrastructural analyses have shown that the KIFC1 protein is localized on the perforatorium structure of E. sinensis sperm, which consists of an apical cap and an acrosomal tubule. Golgi-originated vesicles have also been shown to contribute to the acrosome biogenesis of E. sinensis [67] and Exopalaemon modestus [68] by binding to KIFC1. From the examples listed above, it is clear that in the spermiogenesis of both mammals and crustaceans, KIFC1 performs essential functions for acrosome biogenesis via the transportation of vesicles.
KRP3A and KRP3B are related KRP3 isoforms, which belong to the kinesin-9 family. KRP3A and KRP3B were initially observed as colocalized with the developing acrosome of rats where the staining pattern revealed their presence in a rough C-shape upon the head of the round spermatid. This finding suggested that they might localize to the acrosome of the round spermatid [69] . KRP3B also displayed a fibular network covering a small patch of the nuclear membrane in very early spermatids. In some cases, KRP3 isoforms stains revealed a shape similar to that of the acrosomal granule. In addition, KRP3 isoforms were localized on the elongating sperm head. This finding suggested their potential performance in the restructuring of the sperm head [69] . However, KRP3 isoforms show a distribution pattern that is closely related to the Golgi apparatus. Prior to acrosome formation in early spermatids, the staining pattern of KRP3B remains very similar to the placement and structure of the Golgi apparatus. Staining of KRP3 in round spermatids is almost identical to the localization of the Golgi apparatus related to the developing bull acrosome [70] . Acrosome formation during spermiogenesis is likely regulated by a common mechanism, in which processing KRP3 renders a potential role for transporting vesicles to form the acrosome at a predetermined site as mediated via the specific location of various signaling molecules. KIF5C is a member of the kinesin-1 family, which has been detected in mouse spermatids [71, 72] . KIF5C was found to be a binding partner for the CK2α subunit and is colocalized with CK2α at the acrosome of mouse spermatids. Moreover, they showed similar distribution patterns during spermiogenesis. Since combinations of CK2 subunits can determine interactions with other proteins during spermatogenesis, KIF5C may contribute to protein redistributions that are partially responsible for acrosome formation. However, KIF5C, with the involvement of TNP1, may also function in nuclear condensation [72] .
Kinesin and sperm nuclear shaping Nucleus reshaping occurs during spermiogenesis, with the nucleus undergoing striking chromosome condensation and compression that ultimately results in nuclei elongation. The mammalian spermatid elongation process is accompanied by the appearance of a unique microtubule structure, the manchette, which is displayed as a cone-shaped bundle enclosing the nucleus. This structure then moves caudally and eventually disassembles [73] . The manchette is a microtubule structure that may function as an organizational scaffold for proteins that are required for the sperm tail or head formation [74, 75] . It appears in step-8 spermatids but is disassembled in step-14 spermatids [76] . In a similar manner to the spindle, the manchette also displays complex motility that most likely relies on numerous motor activities. Several kinesin members have been elucidated to be associated with the manchette's structure and to play critical functions in nuclear condensation and nuclear shaping.
KIFC5A is a member of the kinesin-14 family that displays extensive homology to hamster CHO2, human HSET, and mouse KIFC1 and KIFC4 [76] . It acts to bundle microtubules and enhance stability and can bind with all of the microtubule-containing structures in the spermatid, such as the manchette and flagella. The monoclonal antibody of CHO2 was used to localize KIFC5-like proteins, which have been shown to be associated with the manchette in intermediate-stage mouse spermatids at the point where the elongated nucleus and little residual cytoplasm occur [76] . This staining pattern persists throughout the entire spermiogenesis process and is accompanied by the manchette's transformation from a cone-like structure in early spermatids to a band at the distal end of the nucleus in more mature spermatids. This finding suggests its role in promoting nuclear shaping via an interaction with the manchette. KIFC1 was also found to associate with the nuclear import factor importin β and nucleoporin NUP62 in mouse spermatids [73] . This association is developmentally regulated as it appears after the initiation of nucleus elongation and is dependent on the small GTPase Ran [73] . Thus, KIFC1 can link the nucleus to the manchette via its interaction with importin β and NUP62, by which KIFC1 moves along the manchette and exerts its power on the nuclear surface to promote its elongation. Moreover, KIFC1 was distributed in the nucleus of round spermatids. This pattern indicates that KIFC1 may be responsible for cytoplasmic-nuclear transportation via importin β [73] , which in turn is responsible for the transformation from transition nuclear proteins to protamine to promote nuclear condensation and elongation during mouse spermiogenesis. Another KIFC1 homolog was cloned in Octopus tankahkeei testis and was shown to play a role during spermiogenesis [77] . The KIFC1 protein initiated its expression in the early spermatid and was associated with perinuclear microtubules and the nuclear envelope in elongating spermatids and is finally enriched at one end of the final spermatid. The expression and distribution pattern of KIFC1 protein indicated that it is involved in the sperm nucleus most likely by bridging the manchette-like perinuclear microtubules to the nucleus and assisting nucleo-cytoplasmic trafficking of specific cargoes [77] . Thus, KIFC1 is conserved in nuclear shaping during the spermiogenesis of both mice and cephalopods.
KIF17b is a member of the kinesin-2 family, which is the testis-specific isoform of brain KIF17. KIF17b can function in a microtubule-independent manner. In this case, PKA can regulate the activity of KIF17b via phosphorylation, allowing it to shuttle between the nuclear and cytoplasmic compartments during mouse spermiogenesis [78] . In elongating spermatids, KIF17b was localized to the manchette to promote nuclear shaping in a traditional microtubule-dependent mode [79] . In addition, Spatial, as a cargo of KIF17b in spermatid differentiation, was localized at the nascent flagellum opposite to the acrosome at the end stage of rat spermatids. This finding suggests a role of KIF17b in flagellum formation and intraflagellar transport (IFT) [80] . Another kinesin-2 subunit, KIF3A, has also been found to play crucial roles in manchette organization and sperm head shaping, in which abnormally long manchettes and typical malformed, knob-like, and elongated heads were observed in KIF3A knockout (KO) mouse spermatids [81] .
Kinesin and sperm tail formation
For most mammalian species, another notable structure formed in the sperm is the flagellum. This structure exhibits four distinct fractions: the connecting piece, the midpiece, the principal piece, and the short-end piece [82] . The flagellar axoneme represents the first tail structure formed during spermiogenesis, which originates at the cell surface from one of the two centrioles and then extends outwards toward the tubular lumen. Late in spermiogenesis, the flagellum develops unique accessory cytoskeletal structures along the central axoneme. These are known as the outer dense fibers (ODF). In the principal piece, a unique cytoskeletal structure, the fibrous sheath, is formed surrounding the axoneme, which distinguishes the sperm tail from simple flagella or cilia [82] . In addition, the midpiece is a highly distinct region that contains a helical mitochondrial sheath surrounding the ODF and axoneme [83] . During midpiece formation, a constriction point known as the annulus turns up [84, 85] . This structure separates the narrow-and long-membrane-bound periaxonemal compartment from the bulk of the spermatid cytoplasm [86] . The mitochondrion initially surrounds the plasma membrane and then migrates to the ODF. It then becomes accessible to the future midpiece region. In mature spermatozoa, mitochondria appear to be connected to the ODF by proteinaceous structures, which are collectively known as the submitochondrial reticulum (SMR) [87, 88] . In addition to KIFC1, KIFC5, CHO, KIF17b, and other kinesins found in the tail region [64, 76, 80, 86] , KLC3 and KIF3B also demonstrate an exceedingly close association with sperm tail formation and its structural maintenance.
The sperm tail axoneme resembles cilia in that they are both organized by IFT, which utilizes motor proteins to transport cargoes along the axonemal microtubule doublets [81] . The kinesin-2 subunit KIF3A has been observed in mature sperm flagella and in the midpiece of the sea urchin Strongylocentrus droebachiensis and the sand dollar Echinarachnius parma [89] . In one male germ-cellspecific KIF3A KO mouse model, few mature sperm were able to be collected, and male fertility was completely inhibited as a result of axoneme development failure. This finding suggests the indispensable role of KIF3A-mediated IFT in mouse axoneme formation [81] .
KLC3 is a member of the kinesin-1 family. It is the only known kinesin light chain expressed in postmeiotic male germ cells. It contains a characteristic conserved heptad repeat (HR) that binds to kinesin heavy chain (KHC) [90, 91] and tandem tetratrico-peptide repeats (TPR) that can mediate protein interactions in other proteins [92] . In the mouse testis, KLC3 proteins are exclusively expressed in round and elongating spermatids. They show a discontinuous staining pattern in the midpiece [71] . KLC3 has also been proposed to be involved in the mouse sperm tail midpiece formation, where its accumulation in the sperm tail midpiece consists of an axoneme, an ODF, and a mitochondrial sheath [71] . KLC3 shows a similar distribution pattern to that of Odf1 and Odf2 in rat sperm tail. It can bind to ODF via the HR region and to mitochondria using the TPR region [93] . KLC3 associates with mitochondria during rat spermiogenesis when mitochondria relocate and attach to ODF in the future sperm tail midpiece [83] . When mitochondria move from the plasma membrane to the developing midpiece, KLC3 can serve either as a vehicle for structural materials or in the fixation of subcellular structures [83] . KLC3 then anchors mitochondria to ODF via its binding to the leucine zipper-like repeat domains of ODF1, an ODF component, through its HR, a leucine zipper-like motif [93] . Mature mammalian spermatozoa also showed KLC3-specific labeling surrounding the ODF and in the protein-rich SMR [86] . Thus, KLC3 may play multiple independent roles in sperm tail development.
Kinesin and spermatid translocation
The seminiferous epithelium is physically divided into two compartments, the basal and apical compartments, by the Sertoli cell epithelial barrier (also known as the blood-testis barrier), where spermatogonial stem cells, type A and type B spermatogonia reside at the basal compartment of the seminiferous epithelium. This occurs while the germ cells, including spermatocytes and spermatids, are transported across the epithelium during the epithelial cycle [94] . Spermatids are attached to the Sertoli cells via ES, which is a specialized adhesion junction located at the Sertoli/elongated spermatid surface [95] . Spermatids are also transported back and forth across the seminiferous epithelium until they align at the edge of the tubule lumen at stage VIII to prepare for their release at spermiation [96] . It is hypothesized that motor proteins on the ES interact with Figure 1 . Kinesins are involved in each step of spermatogenesis. Kinesins participate in the mitosis of spermatogonia and meiosis of spermatocytes to produce haploid spermatids and the maturation of sperm with an acrosome, nucleus, and tail. At the spermatogonia proliferation stage, MCAK, Kif2a, Kif2b, XKCM1, KLP10A, and KLP59C are found to be functional. During the meiotic process, the following kinesins are required: Kif10A, PAKRP/kinesin12A, PAKRPKL/kinesin12B, KLP67A, KLP3A, and KLP61F. During spermiogenesis, the involvement of KIFC1, KIF3A, KRP3A, KRP3B, Kif5A, KIF5C, KIF17b, KLP3, KIF20, and KRP3 has been demonstrated. adjacent microtubules of the Sertoli cells and thus drive the transport of junction plaques together with the attached spermatids [95] . Among these motors, KIF20, as a kinesin found at the ES of rat and mouse testes, has been considered a candidate motor responsible for spermatid adhesion positioning and for the translocation of elongate spermatids in the seminiferous epithelium [97] . The kinesin-related protein KRP3 was previously discovered to be expressed in the rat seminiferous epithelium and is localized to the spermatid heads and Sertoli cells [98] . As a plus-end-directed motor, it is assumed to transport the elongating spermatids into the basal part of the epithelium in a microtubule-dependent manner. The transport of germ cells across the seminiferous epithelium is crucial for successful spermatogenesis, and KIF20 and KRP3 are two good candidates for transporters of spermatids.
Kinesin and spermatid transcription
Spermatogenesis is a remarkably complex process that requires the fine-tuning of a large number of germ-line-specific genes [99] . During this process, the postmeiosis transcriptional activity beginning at the early spermatids is critical for the dramatic alterations occurring in the nuclear and cytoplasmic structures [100] .
Among all of the transcriptional components, the cAMPresponsive element modulator (CREM) is a crucial transcriptional regulator for spermatid maturation, as demonstrated by the abnormal sperm found in mice, which have a targeted deletion of its activator ACT [101] . KIF17b, as a kinesin specific to germ cells, has been proven to participate in this process in many ways [102] . In a novel microtubule-independent manner, it can directly regulate the CREM-dependent transcription by determining the subcellular location of ACT [103] . Furthermore, KIF17b transports some of the CREM regulated mRNAs from the nucleus to cytoplasm in mammalian postmeiotic germ cells, which is accomplished by forming a ribonucleoprotein complex with the RNA-binding protein TB-RBP [104] . KIF17b is also found in the chromatoid bodies of round spermatids, acting as both a molecular motor that drives their motility along microtubules and a transporter for specific transcriptional elements in and out of chromatoid bodies [105] . In the chromatoid body, KIF17b promotes the loading of RNAs in the chromatoid body via interacting with MIWI, the germ-cell-specific cytoplasmic RNA-binding protein [105] .
Conclusion and perspective
Although direct evidence linking abnormal kinesins to human infertility has yet to be elucidated, the processes involved in animal spermatogenesis are good models to aid in our understanding of the mechanisms underlying the worldwide decline in sperm number and quality. The reproductive problem is complex. It involves interactions between thousands of genes and proteins. This review provides a comprehensive view related to the kinesin dynamics occurring during sperm production. The superfamily kinesin has been proposed to be involved in each step of spermatogenesis. They ensure the equal divisions of homologous chromosomes and sister chromatids and promote functional and mature sperm that consists of an acrosome, a nucleus, and a tail (Figure 1) . Male infertility has been observed in several animal models lacking specific kinesin motors; consequently, kinesins should not be ignored when addressing male reproductive problems.
Spermatogenesis is an exceedingly complex process. Motor proteins are involved in specific biological activities, including mitosis, meiosis, acrosome biogenesis, nuclear shaping, nuclear reorganization, flagellum formation, and postmeiotic transcription. In this review, we discussed some kinesin representatives. It is clear that different kinesin members can perform similar functions, while the same kinesin member can have very specific roles. In addition to kinesins, large quantities of dyneins and myosins may also participate in spermatogenesis. We speculatively conclude that specific biological activities are attributed to either one or several kinesins. To gain further mechanistic insights, the following three aspects deserve special attention: (1) What are the cross interactions and coordinations between kinesins, dyneins, and myosins during spermiogenesis? (2) Do kinesins play similar roles in spermatogonia? (3) What are the potential therapeutic implications of kinesins for infertility?
